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Development of a Small Autonomous Mobile Manipulator for Pick and Place
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Takahiro INOUE, Okayama Prefectural. Univ., inoue@ss.oka-pu.ac.jp

Yumiko ONO, Okayama Prefectural. Univ.
Ryuichi MIYATA, Okayama Prefectural. Univ.
Shinichi HIRAI, Ritsumeikan Univ., hirai@se.ritsumei.ac.jp

This paper newly develops a small autonomous mobile manipulator that consists of a three-
joint manipulator and four-wheeled omni-directional drive mechanisms. The manipulator enables
to position control on the three dimensional space, and the mobile platform can move remaining
its orientation straight and diagonal towards traveling direction, which can be realized by two-
wheel drive or four-wheel drive. In this paper, we propose a simple and novel traveling control
method so that the mobile robot is able to travel in a straight line on flat ground. This control
strategy is based on the integral computation of a gyro sensor to modify the orientation of the
robot during the traveling. In addition, we achieve that the mobile robot can climb on a slope of
20° inclined angle by changing the speed distribution between the four wheels. Finally, this paper
concludes that the small autonomous mobile robot embedded with a three-joint manipulator can

travel stably on irregular terrains.

Key Words: Gyro sensor, Drift, Climbing, Four-wheeled, Omni-directional
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Fig.3 A schematic view of the robot indicates normal
climbing and controlled climbing by using gyro sen-
sor.
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Fig.1 An omni-directional four-wheel mobile platform developed in this paper.
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Fig.2 It shows several snapshots of the experiment of straight driving and its course.

1

0.9

0.8

0.7

0.6 I n
_— i
8 0'3 I - AN \
L8 et e
§ ot T AN
= o Il 1 d T YT ,
= 0 | \ j right rot.

L L0 T T A | L h

c -0.2 t 1
R | P g (il N
S Qal ] i

o A ) I

0.5 il 1

0.6 {

_S;Z, lower limit

-o.f J‘

0 10 20 40 50 60 70 80
time [s]

Fig.4 Experimetal result of straight driving.
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Table 1 Robot parts list and specifications

l parts [ product [ manufacturer ‘
Micro controller | RX62N (96MHz) Renesas
DC motor RE-max24 (6.5W) | Maxon motor
motor driver TB6612 (3.2A pk.) Toshiba
Omni wheel TD-48 Tosa Denshi
Gyro sensor LSM9DSO0 (1IC) ST micro
Accel. sensor KXR94-2050 Kionix
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Fig.7 Experimental results of climbing control.
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Fig.8 It shows a climbing process of the robot, in which
the initial duty ratio and the increase algorithm of
speed are decided as 60 % and 10 %, respectively.
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A Drive Mechanism Design with a Round-belt and Its Twist Motion
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This paper newly develops a novel robotic joint mechanism by means of twisting a small-
diameter round-belt, which enables slow movements of the joint rotation unlike direct-drive
actuator mechanisms. The actuator mechanism proposed in this manuscript is composed of a
couple of small-diameter round-belts located at near the joint with opposite configuration. The
two round-belts are twisted by DC motors placed on a motor stage, which can be activated by a
step motor. This novel mechanism realizes that the robotic joint is able to move around its axis
due to contraction forces generated by twisting the both round-belts. That is, these round-belts
act as agonist and antagonist actuators for the robotic joint, which give a human-like compliance
in the joint revolution. Experimental results using the one-link robot proposed show that ex-
tremely high position resolution on the joint control can be achieved by the increase/decrease of
twists of the round-belts. In addition, we clearly indicate a relationship between the amount of
twist and the joint angle of the robot. Finally, experimental results can clearly explain that one
DC motor acting for the joint motion activates adaptively in accordance with the slow movement
of the other DC motor moving to the desired angle.

Key Words: Agonist-antagonist joint, Actuator mechanism, Compliance, Motion ontrol, Contraction

force
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Fig.1 Overall view of a one link robot with a couple of
round-belt arranged around the robot joint.
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(a) horseshoe shape bolt (b) motor stage

(c) side angle of the stage (d) shackle

Fig.2 Each characteristic mechanism of the robot.
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Fig.3 A robot controller for twisted round-belt actuator
system.
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Fig.4 It shows an experimental result of the twist ro-
tation control, which is obtained by using a DC
motor as shown in Fig. 1.
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Why humans can manipulate objects despite a time delay
in the nervous system

Takahiro Inoue and Shinichi Hirai

1 Introduction

We humans can grasp and manipulate objects with outstanding dexterity thanks to our
highly developed brain, binocular vision, and the abundance of motor and sensory nerves in
our hands and fingers. Human hands have high degrees-of-freedoms, from which sophisticated
movements are generated by the muscles. The human retina in the eye includes photorecep-
tors, which provide visual feedback during grasping and manipulation. Human hands and
fingers have sensory receptors in their skin, such as Meissner’s corpuscles and Merkel disk
receptors, which provide tactile and haptic feedback during grasping and manipulation. For
their past, most robots exhibit a high performance and an enormously high-speed and pre-
cise motion compared with the everyday movements of human beings. Multi-fingered robot
hands with vision and tactile sensors have become available recently. However, there still
exists a large gap between human hands and robot hands. Robot hands cannot perform such
dexterous manipulation as humans can, even although robots outperform humans in terms
of control.

Current technology enables robots to accomplish 1ms-periodic loop control as a result
of the high performance of computers. In human sensation, sensory signals from visual and
tactile receptors are sent to the cerebellum or the cerebrum, and muscle motion is commanded
via the nervous system. The human nervous system has a relatively large latency of several
tens of milliseconds, which results in slow signal processing; for example, a human cannot
see motion over about 30Hz. Despite such slow signal processing, humans exhibit high
dexterity in object manipulation. Conversely, if the intrinsic neurophysiological latency that
is expressed as a sum of central motor conduction time (CMCT) [1] and neuromuscular
transmission delay is applied to a controller designed for a robot, it is clear that certain
fatal disadvantages occur in the robot control system. Figure 1 shows a summary of the
neurophysiological latency that stems from the central nervous system (CNS) [3]. Humans
exhibit a high degree of dexterity in object manipulation despite a latency that is too large
for current-generation robots to accept. We have to tackle this paradox to determine the
source of dexterity in human grasping and manipulation so that robot hands can perform
the same dexterous manipulation as humans do.

This chapter describes a novel and simple control law, and demonstrates that stable and
dexterous soft-fingered manipulation can be achieved, even under a delay of up to 100 ms
resulting from the updating of camera images that are utilized for visual feedback by the
robot.

1.1 Related work

Finite element (FE) analysis is often used when studying the deformation of objects, and
it can be used to describe the xdeformation of a hemispherical soft fingertip exactly [5—
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Figure 1: Delay in latency from stimulation to onset of CMAP(compound muscle action
potential) [2] is summarized with the exception of the optic [3]. This neurophysiological
latency of human motor control is a result of the sum of the nerve propagation delay, the
neuromuscular transmission delay, and the muscle fiber propagation delay [4].

7). However, although FE analysis can be used to simulate grasping and manipulation
numerically, it cannot be applied to a theoretical analysis of grasping and manipulation
due to its complex formulation. In other words, FE analysis yields a procedural deformation
model, which enables us to simulate the deformation of objects, but it cannot be applied
to theoretical analysis. According to the principle of Occam’s razor, we should choose a
simple model to analyze and explain grasping and manipulation by soft fingertips. The
Hertzian contact model provides a simple closed-form description of the contact between two
quadratic surfaces of elastic objects [8], however, because the surfaces are assumed to be
open ended, it cannot be applied to a hemispherical elastic fingertip with a rigid backplate.
Arimoto et al. formulated the dynamics of pinching by a pair of soft fingertips [9] and used
a radially distributed deformation model to analyze the mechanics of a soft fingertip [10].
Based on the concept of stability on a manifold, they showed theoretically that a 2-DOF
(degrees-of-freedom) finger and a 1-DOF finger can together realize secure grasping and
posture control [11,12]. However, from our observations below, in addition to being able to
grasp a rigid object, a pair of 1-DOF fingers with soft hemispherical fingertips can control the
orientation of the object, which calls for a new model. Control laws for soft-fingered grasping
and manipulation have been proposed in [13,14] based on a radially distributed model. The
proposed laws require an estimation of physical properties. This makes the proposed control
laws sensitive to the delay in the control loop. Recall that humans can grasp and manipulate
an object despite a relatively large delay of several tens of milliseconds in the nervous system,
and it is clear that this calls for a control law that is robust against such a delay.



(a) fingertip configuration (b) object grasping

Figure 2: This shows a classic geometrical configuration of two-fingered grasping by the index
finger and the thumb, in which anatomical terms associated with the finger joints of the
human hand are included. The index finger includes metacarpophalangeal (MP), proximal
interphalangeal (PIP), and distal interphalangeal (DIP) joints. The thumb includes MP and
interphalangeal (IP) joints.

2 Mechanical structure of the human hand

Human fingers have quite an interesting mechanical structure, as shown in Figure 2(a), in
which a clearly parallel space for object pinching appears due to the passively deformable
surface of the skin of the fingertips. Such a space configuration of the fingertip indicates a
capability for extremely easy grasping. In other words, the large area of contact clearly con-
tributes to stable and dexterous manipulation. In the case of the two-fingered manipulation
shown in Figure 2(b), the geometrically opposing structure between the thumb and index
finger plays a critical role in realizing a secure grasping motion, resulting in the construction
of a highly simple and straightforward control strategy for dexterous object manipulation if
a robotic hand were designed using soft materials for the fingers.

In what follows, we demonstrate a quite interesting physical characteristic of pinch motion
by the the human fingers on the basis of a simple vibration test. Figure 3(a) shows a small
wooden stick, on which a 3-axes acceleration sensor is mounted, grasped by the thumb and
the index finger. In this test, an enforced rotational displacement around the pinching point
is given to the stick, and its oscillating motion is shown after the external displacement is
released. Figure 3(b) indicates a strong attenuation of the vibrating region. Note that no
conscious manipulating forces by the two fingers were applied to the stick.

This vibration test implies that some sort of intrinsic mechanical property associated
with human fingers contributes to stable grasping and ideal attenuation. This observation
leads to the conclusion that a more precise fingertip model and formulation are needed to
enable a robotic hand to skillfully grasp an object. In this case, a method of straightforward
expression, including not only mathematical perspectives but also the static and dynamic
characteristics of the fingertip, is rather important to describe the natural vibration. Fur-
thermore, we note that the simplification of the control law for dexterous manipulation can
be realized by means of the physical properties of the human finger.

3 Simple model of the human fingertip

Recently, there exist several related researches focusing on mechanical modeling of the human
fingerpad and verification of dynamic force response which described with an instantaneous
force response and a reduced relaxation function [15-17]. Although these studies validated
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Figure 3: In this simple test, a 3-axis acceleration sensor (KXM52) is mounted on the end of
a wooden stick. The oscillating trajectory of acceleration was obtained when the stick was
forcibly swung by the initial rotation and its rapid release. It can be seen that the initial
value of the sensor and the steady-state one obtained are different from each other around
the vibration. This discrepancy results from the viscoelastic property of the structure of the
fingertip. Note that no additional or conscious manipulating forces by the two fingers were
applied to the stick.

that the experimental data obtained by sinusoidal displacement input fit well with the elastic
force model, the load configuration to the finger was restricted only to the normal contact
on the fingerpad. As a result, obvious dependence with the variation of contact direction
had not been found. In what follows, the modeling process of soft fingerpad, which is simply
defined as a hemispherical solid shape, is presented. In this formulation, we first indicate the
dependency on contact direction between the soft fingertip and a flat surface.

3.1 Normal deformation model

Let us recall the formulation process of a soft-contact model of a soft fingertip, which was
developed completely in [18,19]. We treat the fingertips as if they had a hemispherical shape
and were composed of an infinite number of virtual linear springs that stand vertically, as
shown in Figure 4. Elastic force F' and elastic potential energy P are described as

2
F o= ﬂ’ (1)
cos O,
nEd?
p = =T 2
3cos? 6, @

where d is the maximum displacement of the finger, E is the Young’s modulus of its material,
and 6, is the relative angle between the finger base and the contacting object. In order to
verify the soft fingertip model, we validated the locus of both equations. Figure 5 shows good
results, in which it can seen that there is a minimal point of each physical quantity, F' and P,
with respect to the contacting angle between the object and the soft fingertip. From these
results, when considering the case of two-fingered grasping, we can see that a couple force
induced by the elastic moment of both fingers arises and contributes to stable grasping. In
addition, with the human fingers, as we grasp an object more forcefully, the stability of the
grasping increases more and more.
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Figure 5: In both figures, a unique minimal value exists when ¢, = 0. That is, the elastic
force and its potential energy depend on the contacting angle of a grasped object.

3.2 Model with normal and tangential deformation

While the normal deformation model can express a minimal point of the elastic potential
energy that was revealed in the practical compression test, the model lacks the tangential
deformation that would appear in real manipulation. Let us construct a more precise fingertip
model that includes tangential deformation along the tangential direction shown in Figure 6.
This figure shows an extension of the normal deformation model of a fingertip, in which a
virtual spring having spring constant k is placed vertically inside the fingertip. The spring
can be compressed and deformed in the lateral direction, which corresponds to its bending
motion. We assume that each constant related to compression and bending is equal in this
model. This extended fingertip model can be finally expressed as

3

P(dy,d;,0,) = TE { + d%d, tan 0, + dndf} . (3)
p

3cos2 0

See [18] for detailed deviation. Note that this formula is an equation having three independent
variables, d,, d¢, and 6, while the previous one-dimensional model had only two variables,
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Figure 6: Model of normal and tangential deformation of a soft fingertip

Figure 7: Soft-fingered manipulation by two fingers

d, and 6.

Now, let us verify whether the oscillating motion of a grasped object can be seen when this
fingertip model is used in the same vibration test. Let us consider an extremely simple robotic
hand shown in Figure 7, which has two degrees-of-freedom, and then, one whose structure
has the minimal degrees-of-freedom to complete successful grasping by two fingers. As in
the previous test by the human hand (Figure 3(b)), the grasped object oscillates according
to the release of the initial external moment as shown in Figure 8(a). Note that factitious
external moment has been applied to the object at 1s, and it increases up to 2s. Finally, the
moment was suddenly released at 2s. Both the force and elastic energy equations (Egs. (1)
and (2)) are both breakthrough physical models in the sense that the fingertip model can
duplicate similar vibration. We applied a simple PI controller for articular joint control in
this simulation, in which the desired values of the joint were both 5°, as shown in Figure 8(b).
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Figure 8: An external moment is applied to the grasped object as per the dotted line through-
out the duration from 1s to 2s. According to the increase in moment, the object orientation
gradually inclines upward. The subsequent rapid release of the moment provokes a relatively
high-frequency oscillating motion. It can be seen that the finger joints settle back to the
desired joint angle (5°) after the release because of the application of the joint PI controller.

Table 1: Definitions of parameters

parameter definition
2Wg base width of hand
a fingertip radius
L length of each finger
ds thickness of finger
W, width of object
M, mass of object
Ms; mass of i-th finger
m mass of fingertip
Or; joint angle of i-th finger
0, orientation angle of object
Opi (6 + (—1)"0,)
dni maximum displacement of i-th fingertip
d; tangential displacement of i-th fingertip
Tos Yo position of object
I, inertia of object
It inertia of finger

4 Control law for soft-fingered manipulation

4.1 Lagrange’s equations of motion

Recalling the simple 2-DOF model of the robotic hand shown in Figure 7 from our previous
studies [18,19], the Lagrangian of the hand can be written as

2
L=K-P+> AiCui, (4)

i=1

where K and P respectively mean the kinetic energy of the total system and the potential
energy including not only gravitational potential but also elastic energy induced by the
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Figure 9: In addition to the vibration test of Figure 8, this shows the dynamic behavior of
object orientation and the joint angles. Unlike the previous test, we kept the external force
at rest for 1s before releasing. Likewise, the desired value of the joint was set to 5°.

deformation of the soft fingertip. Therefore, K and P can be finally described as

2 2
P =" Pi(dyi,di, 0pi) + Mogyo + »_ My g Lcos b,

=1 =1
1 1 1 1 < 1 <
K = 5 Mo(&5 +3) + 5105 + 5 ;Ifﬂé + 5m;dii + §m;d?m

where the parameters of the system are defined in Table 1. In addition, the last term of the
right-hand side of Eq.(4) corresponds to the virtual energy due to the constraint forces, A,;,
which appear upon the contact between the object and the soft fingertips. Differentiating
geometric constraints, Cy;, with respect to system variables, the direction of A,;, dynamically
changing during the manipulation motion, can be clarified. As a result, the equations of
motion of the whole system are described as

doc oL 22: C;
- ti

104 0q Ati— + fext + 1, (5)

i=1 0q
where an external force vector and a control input vector are newly added. Note that the
input, u, corresponds to the input torque applied to the joint angle of the finger. The first
term on the right-hand side of Eq.(5) denotes generalized forces in terms of the Pfaffian

constraint, Cy;. In addition, Ay; is the constraint forces tangential to the grasped object.

4.2 Simple control law for stable grasping

The results of Figures 3, 5, and 8 indicate that the flexibility of soft fingertips contributes to
secure grasping, as the elastic energy is at its minimum during manipulation. As a result, it
is easy to understand that the controller must be designed so as not to destroy the intrinsic
physical property of the soft fingertips, which acts to realize stable grasping.

Applying a simple PI controller, which is expressed by Eq.(6), to the robot dynamics
described in Eq.(5), the time trajectories of the object and the joints are obtained as shown
in Figure 9.

t
U; = —Kp(efi — 9?1) - KI/ (efi - 9?1) dr. (6)
0
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Figure 10: Block diagram of a serial two-phased (STP) controller capable of achieving robust
convergence of object orientation, when grasped by two soft fingertips. The characteristic
of this controller is that desired trajectory of the joint angle in the second stage (Eq.(8)) is
serially coupled and remains constant when the object orientation goes to convergence.

In the above equation, Kp and K denote proportional and integral gains. As a matter of
fact, a controller using Eq.(6) was used in the vibration test shown in Figure 8. In this case,
after having applied the external force continuously to the object, we kept the force at rest
for 1s. Figure 8(b) shows that both joints converge to the desired angle, indicating that
the error in the finger joints does not remain not only during the release of force, but also
during the duration of the constant external force. Thus, restricted to stable grasping, neither
the object information nor the real-time measurements of grasping forces are necessary, in
designing a controller for robotic hands. Without the mechanical flexibility of the fingertip,
a simplification of the controller design could not be achieved.

4.3 Controller for dexterous manipulation

Let us introduce a very simple controller for achieving precise object manipulation, which
was named serial two-phased (STP) controller in [22]

t

ol = —(~1) K / (6, — 6) dr, (7)
0

u; = —Kp(fg — 03) — Knbg; + 10, (8)

where Kp, Kp, and Kj denote proportional, differential, and integral gains, respectively.
This controller can perform precise orientation control of a grasped object even when the
robotic hand has the minimal degrees-of-freedom shown in Figure 7. The block diagram
of the STP controller can be simplified as Figure 10. In addition, the biased torque, 7,
has a positive constant value and acts to prevent the motor torque u; produced in Eq.(8)
remaining negative. An inner local loop with respect to joint angle, 6¢;, located within
the block diagram, the desired value is merely a pseudo value of the joint. That is, it is
not necessary that the joint variable converges to its desired value even when the object
orientation has attained a given posture, 6.

5 Simulation

5.1 Simulation of a pair of 1-DOF fingers

Figure 11 shows the simulation results when the desired angle of the object is set to be a
step input such that

3% (0s<t<ls),
64 = 8 (1s<t<2s), (9)
—5° (28 <t < 3s),
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DOF robotic hand can be achieved, although each of the joint angles contains a steady-state
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Figure 12: A conceptual diagram of the time-delayed robotic system in visual feedback
control.

In addition, we set the constant force at 7, = 30 Nm and assume that this manipulating
motion is implemented on a vertical plane with gravitational force (Figure 11(d)). Fig-
ures 11(a)—(c) depict the trajectory of the grasped object (zo,yo,8,) with respect to time.
We can see that the STP orientation controller works well so that 6, robustly converges to the
desired step trajectory (Figure 11(c)). In particular, it is important to produce the desired
finger angles that satisfy the equivalent positive and negative values of the two fingers. This
simple control structure of the first stage takes advantage of the natural rolling of the target
object along both spherical surfaces of the fingertips. At the same time, the position of the
object goes to a stable equilibrium point together with the orientation convergence, as shown
in Figures 11(a) and (b). In other words, the equilibrium point of (z, yo,8,) corresponds
to a local minimum of elastic potential energy with constraints (LMEEwC [18]) during the
manipulation. Figures 11(e) and (f) show the trajectories of both joint angles along with the
desired angle, 6¢, which is dynamically produced at the first stage of the controller expressed
by Eq.(7). Here we find that there are very large errors of 6y and 6g. Despite this, the
object orientation shows an exact convergence. In fact, these discrepancies of both fingers
play a significant role in achieving orientation control of the grasped object.

5.2 Simulation of a pair of 1-DOF fingers under time delay

Now, let us investigate a case in which a delay in updating information obtained by image
processing exists in a visual feedback control system. Usually, conventional vision systems
have an inevitable time-delay of 33 ms as a result of the video frame rate.

For instance, as shown in Figure 12, the time to access the corresponding area of the
memory, in which a processed image for the visual feedback is saved, becomes extremely
large. As illustrated in Figure 12, let 7. be the robot control period, T, be the memory
accessing time for image processing, Ty, be the sampling time for motor control, and T3, be
the update timing of computed visual information from a captured image. The continuous
updating manner in the upper figure is executed in the case that artificial update delay does
not exist, i.e., Ty = T,. On the other hand, if the image-update delay is incorporated into
the robot, the periodic time for the motor control becomes extremely short. That is, the
robot control period coincides with the period of motor control, i.e., T, = Ty,. As a result,
T, # T. is satisfied. In this simulation, we obtain successful results for object orientation
control when the time delay, T3, is increased up to 99 ms.

Figure 13 shows that the periodic time of image updating is assumed to be 33 ms. See [20]
in detail. Note that an improved trajectory was obtained by only changing the integral gain
from 0.01 to 1. In addition, we show another result obtained when the updating delay is 99 ms

11
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Figure 13: This result shows an improved trajectory for object orientation, in which the
periodic time of image updating is assumed to be 33 ms. In this result, we set the integral
gain to K1 = 0.01 in the case of failure (a) and to K1 = 1 in the case of success (b). Note
that the joint angle does not converge to each desired trajectory produced in Eq.(7). That
is, the desired angle, 9?1., corresponds to the virtual desired trajectory

(Figure 14). Also in this case, the dynamic response of object orientation was drastically
improved solely by modifying the integral gain from Kj = 0.01 to K7 = 1. This successful
result stems from the fact that the passive deformation of the soft fingertips contributes
to stable rotation of the object grasped by them. As stated previously, it is found that
admissible deviations between the joint angle and the desired appear clearly at every step.

5.3 Simulation of a robotic hand with multi-DOF fingers

Next, let us describe the Lagrangian of the 5-DOF robotic hand system shown in Figure 15.
It can then be expressed using the mass of the link m;;, inertia of the link I;;, acceleration
of gravity g, and Young’s modulus E of the soft fingertip, as follows:

3 2
1 . 1 . 1. 1, . .
L = 3 > mpi;+ B > maph; + 51119%1 +512(011 + 012)°
J J
1 . . T | . C
+ 5113(911 + 012 + 013)° + 5121921 + 5122(921 + O22)
3 2
- g Z miP1jy — 9 Z m2;jP2jy
2
~ rE Z {3 cos2 P + d2,dy; tan 0,,; + dmdfi} + Y Cuidni, (10)
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Figure 14: This result shows an improved trajectory of object orientation, in which the
periodic time of image updating is assumed to be 99ms. In this result, we set the integral
gain to K1 = 0.01 in the case of failure (a) and to K1 = 1 in the case of success (b)

where the unexplained parameters are detailed in [21]. In the above equation, 8),; = Z;Zl Oir+
(—=1)*0, with ¢ = 1 and r = 4 for the index finger while i = 2 and r = 3 for the thumb.
Note that the final joints in each finger, 614 and 653, were introduced only for grasping an
object as perpendicularly as possible, as shown in Figure 15(a). Therefore, these joints are
assumed to be fixed at constant angle, that is, 614 = 15° and 653 = 10° are fulfilled during
this simulation study.

Let us consider a case in which a 5-DOF robotic hand performs orientation control of a
grasped object. We attempt to carry out the same object orientation control using only one
finger of the robot. That is, while the STP controller is applied only to the index finger, a
traditional and straightforward PD controller for joint angles is implemented for the thumb.
This novel controller can be represented as a two-phase structure:

0, = K /(93 —6,) dt, (11)
uy = —Kp1 (611 — 0%,) — Kpbi, (12)
U21 = —Kpg(egl — 031) — KD021. (13)

Not having a pseudo desired value for the joint angle, which is generated at the first stage,
the second stage controller for the thumb (Eq.(13)) is not engaged in the orientation control
of the object. In this case, 6, can arbitrarily be set to be a neighborhood value from the
initial joint A7 of the thumb. The structure of the controller design can be clearly seen from
the block diagrams shown in Figure 16. It is obvious that the controller for the thumb does
not act directly for object orientation control.

In addition, we assume that all joints except the actuated joints, 617 and 6, satisfy a
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Figure 16: In these two block diagrams, the upper figure corresponds to the STP controller,
and the control law in the lower figure is a simple PD controller applied to the thumb. The
first stage of the STP controller is eliminated in the lower figure

set of constraint conditions related to angular velocity. These constraints are expressed as
11 =012, 012 =013, 021 = Oas. (14)

This assumption results from the experimental knowledge that the relative angular velocities
among the distal, middle, and proximal phalanxes are nearly identical to each other, as shown
in Figure 17.

Figure 18 shows a simulation result in which the dotted line of the upper figure is the
desired orientation of the object. Note that the time delay due to the image processing is not
implemented in this case. It is clearly indicated that the object trajectory converges to the
desired one with no error in each time step. Figures 18(b) and (c) show that extremely large
errors between (11,602;) and (0},,604,) remain throughout the object orientation control.
This result implies that a discrepancy between the two joints is not important in object
orientation control. As a result, the discrepancy can be defined as an admissible error.
Hence, we conclude that the orientation of the grasped object can be precisely controlled by
just one finger in the sense that ¢ remains constant in the controller for the thumb.

One reason we consider such a finger movement is that the index finger and the thumb of
the human hand manipulate an object smoothly by making extension and flexion movements
alternately at the fingers. Furthermore, each of the fingers can roll the object dexterously,
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Figure 17: By capturing the movement of the index finger on a 300-fps high-speed camera, it
is shown that the relative relationship that exists among the rotation angles associated with
the DIP, PIP, and MP joints have a certain motional regularity

while the other finger acts solely to maintain stable grasping. This natural movement has
not been achieved to date by conventional robot mechanisms and their control methods.

Finally, we show a simulation result in which 50-ms delay, T,,, exists within the control
loop. It is obviously found that the trajectory of the object orientation converges robustly
to the desired. In this case, this good result was obtained by only increasing the integral
gain, Ki, up to 500 times from 0.0002 which was used in the previous simulation indicated
in Figure 18. In fact, the time interval T" of Runge-Kutta method used in this analysis is 0.1
ms, which corresponds to the robot control period in practical experiments. Therefore, we
know that the successful trajectory can be achieved when performing 500-times increase of
the integral gain according to 500-times delay arising between the update delay T, and the
control period T', where T'= T, and T,, # T..

6 Experimental results

6.1 A pair of 1-DOF fingers under time delay

As well as the simulations, we give the same task to a soft-fingered robotic hand that is
configured so that two finger have an opposed structure, as shown in Figure 11(d). In this
experiment, we utilize a CCD camera capable of capturing a sequence of grayscale images
at 200 fps. Continuously, the grabbed images are processed to compute object position and
orientation at intervals of 5ms. Therefore, we intentionally slow the updating of the object
information used for feedback control, that is, the update timing becomes once per 20 times
to simulate a 100-ms updating delay.

Figure 20 shows an experimental result depicting the desired trajectory of the object
orientation, the delayed response, and the improved response are depicted. It is obvious
that the orientation trajectory of the grasped object has been dramatically improved just
by changing the integral gain. However, the improved trajectory tends to become a step-
like response because of the large time delay. In addition, it has been clearly clarified that
a discrepancy in joint angles remains throughout the manipulation. In other words, this
consistent error does not have to be eliminated provided the object orientation converges to
the desired trajectory, that is, 9% corresponds to the apparent desired trajectory in the STP
controller.

Next, we show another simulation and experimental results in Figure 21, where the sinu-
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Figure 18: This shows successful trajectory tracking of object orientation, when an objcet
is grasped by two fingers. In this case, no time delay is incorporated. No error remains in
the time steps of the trajectory. The STP controller proposed in this section may generate
extremely large errors during manipulation; however, these discrepancies are not fatal errors
in achieving orientation control

soidal desired input for the object orientation, 64, is given in Eq.(7), and the updating delay
is equivalent to 25 ms consistently. It is clearly indicated that the performance of tracking
control is gradually improved as the integral gain increases in both the simulation and the
experiment. In the experimental result, the step-like response starts to increase gradually.
This result stems from the fact that nonlinearity due to Coulomb friction of the finger joint
appears obviously when the joint torque increases according to the change in integral gain.
In addition, the response in the initial state of the experimental results clearly indicates oscil-
latory appearance. The reason for this is that the response becomes particularly susceptible
to static friction when the angular velocity of the joint is reduced.

6.2 Multi-fingered hand

We have designed a 5-DOF wire-driven robotic hand as shown in Figure 22(a). This robot
has 8 DC motors, and two motors drive each angular joint, as illustrated in Figure 23. The
index finger has 6 pulleys for idle revolution around the MP and PIP joints, and 2 pulleys
fixed at the PIP and DIP joints, as shown in Figure 22(b). A pair of pulleys is positioned
to implement a figure-eight structure capable of achieving the coupled movements of the
DIP and PIP joints of the human finger. The thumb robot has 6 idle-revolution pulleys for
wires, but the figure-eight structure is not used in this design. At the ends of both of the
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Figure 19: This shows successful trajectory tracking of object orientation, where the time
delay due to the image update becomes 50 ms. No error remains in the time steps of the
trajectory as well as the result of Figure 18.

robot fingers, hemispherical soft fingertips are mounted, as shown in Figure 22(a). As shown
in Figure 23, the odd-number motors (1, 3, 5, 7) drive the finger so that its joint moves
in the direction in which the grasping force increases, while the even-number motors (2, 4,
6, 8) move the finger joint in the opposite direction. We have used high-torque motors for
the inward motion rather than the motors used for the outward motion of the finger. In
this experiment, we use a more simpler integral controller than that used in the simulation
(Egs. (11), (12), and (13)) for realizing orientation control of the grasped object, which is
expressed as

ujp = —(—1)"K; /(9(()l — 0,) dt + 742, (15)

where the last term is referred to as biased torque, which works so as to maintain the initial
secure grasping before the actual control task. Note that the left-hand side of Eq.(15) corre-
sponds to the torque applied to the two joints, 612 (PIP) and 655 (IP), as shown in Figure 23.
Therefore, both fingers are sustained by the motors (1, 2, 5, 6) to which only biased torque
is applied. Figure 24 shows an experimental result, in which the desired object trajectory is
given at intervals of 5 seconds. In addition, the update delay of image processing is estimated
as 25 ms because of the electrical property of a camera and the computer performance, which
was used in this experiment. It clearly shows that the actual trajectory robustly converges
to the desired value, and as a result, indicates that the simple integral controller applied to
the IP and PIP joints performs well to decrease orientation errors in each time step.
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Figure 20: This shows the experimental result of the orientation trajectory of a grasped
object when the updating delay is equivalent to 100 ms. The gain parameters were set as
Kp = 60, Kp = 0.001. As well as the simulation result, the orientation trajectory has been
dramatically improved just by changing K7 from 0.0008 to 0.008

We should emphasize that the straightforward control law expressed in Eq.(15) does not
involve the Jacobian matrix, despite the fact that the first term of the right-hand side of
Eq.(15) is described as a workspace control. This non-Jacobian control method naturally
enables the elimination of the joint angles that are sensed in real time, that is, encoder
sensing is not necessary for robotic manipulation. Eventually, this result suggests that a
model-less and grasping-force-less control can be realized if certain mechanical constraints
associated with the musculoskeletal structure are involved in the robot mechanism.

7 Concluding remarks

Through our research into soft-fingered manipulation, we have proposed a simple object
orientation controller that consists of two-phased controllers serially connected with each
other, called an STP controller expressed in Eqgs. (7) and (8). The first stage acts as a
robust integral controller from which virtual (pseudo) desired trajectories of joint angles are
generated. It is not necessary for the actual joint angle to converge to the virtually generated
desired value provided the object is guided to the desired orientation. This is why the desired
joint angle is termed a wirtual trajectory.

In addition, we have clarified that an STP controller with soft fingertips works well in
a case where a large time delay exists within the visual feedback robotic system. It had
also been shown that the method of gain tuning for improving delayed responses is very
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Figure 21: Sinusoidal wave input for the desired object orientation, 89, is fed into the robotic
system. In simulations (a—1)—(a—3), the performance of tracking control is gradually improved
as the integral gain increases. In experiments (b—1)—(b-3), the same trend occurs, yet the

response in the initial state clearly indicates an oscillatory appearance
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(a) overall view of 5-DOF robotic hand

(b) index finger robot (¢) thumb robot

Figure 22: This index-finger robot has a figure-eight structure achieved by running a cylin-
drical rubber belt between the DIP joint and the PIP joint. This system has 8 DC motors,
12 idle-revolution pulleys, 2 fixed pulleys, and 2 soft fingertips at the ends of both fingers

simple and useful in a lot of practical situations. We have proposed a straightforward control
model capable of realizing precise and secure manipulation by means of a 5-DOF two-fingered
robotic hand. This control law does not involve Jacobian matrices and the grasping forces
that have been conventionally required in robotic manipulation. In particular, it has been
clearly indicated that even a novel controller, Eq.(15), in which encoder measurements are
not used, works well for achieving object orientation control in the experiment. These results
imply that various inner models, such as robot dynamics and kinematics, are, in fact, not
necessary if the robot system has a similar structure and performance to that of the human
fingers. That is, an antagonistic wire-driven mechanism and a soft-finger structure enable
mimicking of biomechanical characteristics. We conclude that such a human-like robot can
comply with nonlinear properties (e.g., gravitational force and friction) without a complicated
robot model, and namely that a complete sensor-based control scheme could be constructed
in environmental robotics.
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Figure 23: Schematic view showing motor configuration and wire connections. The odd-
number motors drive the finger toward grasping the object, and the even-number motors
move the finger in the opposite direction
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Figure 24: This photograph shows dexterous manipulation by a 5-DOF robotic hand in which
object orientation converges to the desired trajectory, while the error remains small
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Position Control of a Two-link Arm without using Inverse Kinematics

— Virtually Desired Trajectory of Joints and Bell-shaped Velocity Profile —

Takahiro Inou&! and Shinichi Hirai?

This paper proposes a straightforward control raw for the position control of a two-links robotic arm in vertical plane with the grav-
itational force. This control strategy is not based on a conventional method using inverse kinematics and the Jacobian matrices of the
robot. Virtually-desired joint trajectory is generated during the motion of the robot until the tip of the arm reaches a given target point.
Because of the property, joint angle of the arm is not necessary to converge to the generated joint trajectory. Using this proposed control
law, extremely smooth motion in position control can be realized like human arm movements, and resB8éfghaped trajectory
of velocity profile can be achieved through the PTP control. Usually, this kind of velocity profile has been Bieimiam Jerk-Based
ControlandMinimum Torque-Based ContrdHowever, the control law presented in this manuscript enables to produce the Bell-shaped
velocity during the position control. Finally, this paper clearly indicates that an extremely simple control law acts as an effective method

to mimic the natural and smooth motion of the human.

Key Words: Inverse Kinematics, Bell-shaped, Virtual Trajectory, Jacobian Matrix, Integral Controller
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Fig.1 A model of two-links arm
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Fig.2 A two-links arm fabricated in this research.
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Table 2 Specification of a two-link arm robot

first joint Maxon RE19GP16A 19:1
second joint| Maxon RE10GP10A 19:1
MPU Renesas SH2-704teq. 28.64MHz
motor driver| Hibot 3AX5A0912Max 5A

Table 3 Gain parameters in singular configuration

simu. exp.
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0.1 |Kpi| 0.1
1.1 | KX | 115
33 |Kj | 67
245 | K5 | 2.1
14 | K | 25
Kp = diagKp1,Kp], (7)
Kp =diag[Kp1,Kp2], (8)
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Fig.3 Aresult of positioning control of a two-links robot.
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Fig.4 Joint angle trajectory during the position control.

Table 4 Gain parameters in non-singular configuration

simu. exp.
55 | Kpy | 2.13
3.9 | Kpy| 0.43
1.1 |KY | 225
3.3 | K}, | 6.25
245 | K | 2.15
14 | K | 2.2
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Fig.7 A simplified block diagram of the two-link arm robot with the pro-

posed control law.
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Fig.8 A linearized block diagram of the closed-loop including the pro-

posed law.
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Fig.9 A final form of the block diagram by equivalent conversion.

Table 5 Eigen value of eq.(6) in singular configuration

mode| real part| imaginary part

61 |-174.33|59.72
6, |-174.33|-59.72
w | -21.77 | 27.10
wpy |-21.77 |-27.10
a; | 0.14 0

ay | 0.00 0

Table 6 Eigen value of eq.(6) in non-singular configuration

mode| real part| imaginary part

6, |-328.19|0
6, |-21.37 |26.87
w | -21.37 | -26.87
w |-21.11 |0
a; | 0.18 0
ap |0.01 0
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Position Control of an Antagonistic Redundant Robot by Pneumatic Actuators
JE gk %, IEHE B (RILESZR)

Tsuyoshi TOMINAGA and Takahiro INOUE, Okayama Prefectural. Univ., inoue@ss.oka-pu.ac.jp

This paper reveals that the tip trajectory of a three degrees-of-freedom robotic arm satisfies rectilinear locus
in the two dimensional plane, even though the command to the robot corresponds to a step input of xy-
coordinates. First, we describe a simple model of a redundant three-joint manipulator by means of Lagrangian
analysis. By using this manipulator model, we clearly indicate that the tip position control of the robot can
be easily achieved by a PID controller designed for the redundant mechanism. In addition, this manuscript
compares zy-trajectory of the tip of robot between a pneumatic actuator and a conventional motor joint
mechanism. This pneumatic cylindrical actuator is placed at both sides of a joint with antagonistic location.
Finally, the tip position trajectory moves according to rectilinear trajectory on xy-plane in both cases of
gravity and non-gravity situation. Thus, we can claim that the antagonistic pneumatic actuator mechanism
is most suitable for the accurate and stable position control of the redundant robotic manipulator.

Key Words: Position control, Pneumatic actuator, Antagonistic mechanism, Redundant manipulator.
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Table 1 Mechanical parameters
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robot is written as ”pneu. ro.” in short.
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Identification of Virtual Viscoelasticity of a Revolute Joint
with a Pair of Antagonistic Pneumatic Artificial Muscles

FEAAR EA, O HLE & (WILEZK)

Yoshito FUNAKI and Takahiro INOUE, Okayama Prefectural. Univ., inoue@ss.oka-pu.ac.jp

This paper presents an identification process of viscoelasticity of a revolute joint of a simple one-link robot.
This revolute joint has no viscoelastic property in itself due to a pully or a ball bearing incorporated in
the joint axis. However, there exists virtual viscoelastic characteristic in the joint by placing antagonistic
mechanism made with a pair of pneumatic artificial muscles. In this paper, first we generate contraction
forces by applying compressed air to the pair of artificial muscles in order to maintain initial orientation of
the robot and to increase joint stiffness. In that situation, an external force is applied to head of the joint
so as to ingenerate 7°-rotational angle. Subsequently, slight vibration of the joint is caused by the release of
the external force. By applying non-linear least-squares method to the joint angle data obtained from the
vibration, virtual viscoelasticity of the joint can be easily identified. Finally, we reveal the existence of linear
and non-linear properties of viscoelasticity according to the amount of the contraction of artificial muscles.

Key Words: Artificial muscle, Contraction, Joint stiffness, Viscoelasticity, Pneumatic actuator.
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Table 3 Stiffness (125kPa)  Table 4 Stiffness (175kPa)
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Fig.4 Measurement and identification results of the vir-
tual joint stiffness and damping coefficients.

ERXERX @) TRALT,
I
VAT2 + 62

B35, WETORBERIC & 5 IR & BRI
FITIER (3) LR (7) BRIV S,

¢ = 2VTkx (7)

4 =B

4.1 EBRHE

ARFEBRTIE, [FHERBIENIZ QTN T (PM-10P, A% 22—
AR AH) ZHEPURE U 72RETIT 5. BREIY AT A,
<A 3O DA BHiEs L E NG L=y b (PCM-200,
A% 2— ZAHARLH) 2 LT, IV T L vH (ACP-60,
RYOBI) % 5% FEN T EMRLE RASE, [HEE
BEMET S (K 221R). 0%, [IEEREH O LI H)
WAE T 252, N1EMRLZE &9 56 OMEEME %
o2ms M CTY a—RIZ kvl 3 (X3 2M1).
4.2 FEERIMEE S EETRRMEEDRE

55 N IRENZ B W THRyN - HEEIC & 0 U2 B
LT, TNENDHEFEIE T OBEEMIMEAE & BEETkLE fE
ERDD. WNT A= RfEERDBIZHID, EAHIKRD
/MBS 2 LA EEETE S 25 7 % Z OFE RO (A5
BfiOIRE . U CTERA L7z, IR EOT R % Rk 7=
%, T OELIAD S RIS & RO I % EH U7z, Bk
1z, ZhoDfEER (3) &R (T ITRAL K & c &Rk B,
SEFEHLZ1Y) Y270k y hOEYHEAS A—-R%, &
2 m=87g, V7 &KI=8tmm, [[&fliHS5ELETOHE

No. 14-2 Proceedings of the 2014 JSME Conference on Robotics and Mechatronics, Toyama, Japan, May 25-29, 2014
1A1-A06(2)



B d=43.5mm & UCEHEZTo 772, WINOFERIZEW
TH 5 MORTEIT>TNWS.

Table 5 Viscosity (25kPa)  Table 6 Viscosity (75kPa)
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Table 7 Viscosity (125kPa)
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Impact Force Absorption in Antagonistic Wire-driven Multi-joint Arm
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Takahiro INOUE and Shinichi HIRAI, Okayama Prefectural. Univ., inoue@ss.oka-pu.ac.jp

This paper presents a new control method for absorbing impact forces exerted on the tip of a multi-joint
robotic arm. In this method, integral controller for generating virtual desired trajectory is hold at the time
of impact. We show that the impact force can be absorbed extremely by using the simple control algorithm.
In addition, we show that the tip of the robot is forced to move against the applied force in case of lack
of the hold operation of integral controller, and resulting in unexpected recoil due to antagonistic nonlinear

springs.

Key Words: Impact force, Antagonistic wire driven, Multi-joint robot, Force absorption, Integral controller.
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Table 1 Mechanical parameters and others
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Performance Evaluation of a Rotary-typed Inverted Pendulum
with Different Two Sampling Periods
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Takahiro INOUE and Masaki HOKARI, Okayama Prefectural. Univ., inoue@ss.oka-pu.ac.jp

This paper proposes a design algorithm of dual-PI controller for achieving stabilization control of a rotaty-type
inverted pendulum robot. First, we show a decision technique of the PI gains in a sequential increase-decrease
method, in which this system is considered in continuous-time control scheme. Next, by discretizing only
the dual-PI controllers except the controlled object, we examine sampled-data control, in which the first PI
controller satisfies 200ms-sampling time and the other is set to be 2ms. Finally, we reveal the successful
stable behavior of the robot even in such slow sampling time.

Key Words: Inverted pendulum, Sampled-data control, PI control, Non-linear control, Sampling time.
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Fig.3 A simulink model of the rotary-type inverted pendulum, which is based on the first generation of SimMechanics™.
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Fig.1 A model of the rotary-type inverted pendulum.
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Fig.2 A simple block diagram of a rotary-type inverted
pendulum based on dual PI controllers.
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Table 1 Mechanical parameters of the robot.

L 45 [mm)] Lo 55 [mm]

mi 18 [g] ma 23 [g]

Ii | 1.23 x 107° [kgm?] || T2 | 2.34 x 107° [kgm?]
d1 0.028 [Nms/rad] da 0 [Nms/rad]

Table 2 Gain decision procedure.
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Fig.4 Step-by-step response improvement of 61 dur-
ing the decision process of the four gains,
Kpl,Kil,Kpg, and Kig.
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Fig.5 Individual trajectories of 61 and 6> in continuous-
time control and sampled-data control, in which
[Kp1, Ki1, Kp2,Ki2] = [2,3,10,100] are used with
consistency, and T2 = 2ms is used in the sampled-
data control.
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Fig.6 Time history of u; exerted on the first joint of
the robot, in which u1 = 71 + 72 is satisfied.
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Fig.7 Time history of 71 and 72 which are generated on
the individual PI controller related to 6; and 63, in
which w1 = 7 + 72 is satisfied.
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